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This  study  evaluated  the  inﬂuence  of deposition  parameters  for Si-based  thin  ﬁlms  using  magnetron
sputtering  for coating  zirconia  and  subsequent  adhesion  of  resin  cement.  Zirconia  ceramic  blocks  were
randomly  divided  into  8  groups  and  specimens  were  either  ground  ﬁnished  and  polished  or  conditioned
using  air-abrasion  with  alumina  particles  coated  with  silica.  In the  remaining  groups,  the  polished  speci-
mens  were  coated  with  Si-based  ﬁlm  coating  with  argon/oxygen  magnetron  discharge  at  8:1 or  20:1  ﬂux.
In one  group,  Si-based  ﬁlm  coating  was  performed  on air-abraded  surfaces.  After  application  of bond-
ing  agent,  resin  cement  was  bonded.  Proﬁlometry,  goniometry,  Energy  Dispersive  X-ray  Spectroscopy
and  Rutherford  Backscattering  Spectroscopy  analysis  were  performed  on the conditioned  zirconia  sur-
faces. Adhesion  of  resin  cement  to zirconia  was  tested  using  shear  bond  test  and  debonded  surfaces  were
examined  using  Scanning  Electron  Microscopy.  Si-based  ﬁlm coating  applied  on air-abraded  rough  zir-urface treatment
irconia
conia  surfaces  increased  the  adhesion  of the  resin  cement  (22.78  ± 5.2  MPa)  compared  to  those  of  other
methods  (0–14.62  MPa)  (p  = 0.05).  Mixed  type  of  failures  were  more  frequent  in Si  ﬁlm  coated  groups  on
either  polished  or air-abraded  groups.  Si-based  thin  ﬁlms  increased  wettability  compared  to  the  control
group but  did  not  change  the roughness,  considering  the  parameters  evaluated.  Deposition  parameters
of  Si-based  thin  ﬁlm  and  after application  of air-abrasion  inﬂuenced  the  initial  adhesion  of resin  cement
to  zirconia.. Introduction
Yttrium stabilized tetragonal zirconia polycrystal (Y-TZP)
eramic (hereon: zirconia) lately gained popularity for restor-
tive applications as it presents mechanical properties superior
o other available all-ceramics in dentistry [1]. The possibility of
illing zirconia using CAD/CAM devices also increased its clinical
ndications. Unfortunately, the achieved roughness after milling
rocedures is not sufﬁcient to adhere resin-based cements that
 Part of this study has been presented at the Academy of Dental Materials (ADM),
5th Annual Congress, October 13–15, 2011, Costa do Sauipe, Bahia, Brazil.
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169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.05.111© 2013 Elsevier B.V. All rights reserved.
consequently limit their potential use for minimal invasive recons-
tructions [2]. In addition, traditional adhesion protocols used for
silica-based ceramic systems such as acid etching with hydroﬂu-
oric acid and subsequent silanization is not effective for generating
physical and chemical changes on zirconia surface [3,4]. Since good
adhesion obtained at the cementation interface could promote pre-
vention of microleakage [4], surface modiﬁcation of zirconia is
essential to achieve a stable adhesive joint with resin cements [3].
Thus, several surface conditioning methods have been suggested
to condition zirconia surfaces physically and/or chemically, such as
air-particle abrasion using alumina particles followed by applica-
tion of ceramic primers, adhesive monomers or tribochemical silica
coating (Rocatec and CoJet Systems) followed by the application of
silane coupling agents [3,5]. Chairside air-abrasion protocols using
alumina or alumina particles coated with silica (tribochemical coat-
ing) is particularly favored to condition zirconia as it eliminates the
organic contaminants on the surface, improve wettability, increase
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Table 1
The brands, types, chemical compositions, manufacturers and batch numbers of the materials used in this study.
Brand Type Chemical composition Manufacturer Batch number
Cercon zirconia Ceramic core Zirconium oxide, yttrium oxide, hafnium
oxide
Dentsply/Degudent, Hanau, Germany 318900-3
Oxide de Aluminio Particle for air-abrasion (45 m)  Aluminum oxide Polidental, São Paulo, Brazil 20919
Monobond-S Silane coupling agent Ethyl Alcohol,
3-methacryloxypropyltrimethoxy,
methylethyl ketone
Ivoclar Vivadent, Schaan, Liechtenstein N011595
Metal/zirconia primer Ceramic primer agent Methyl isobutyl ketone, phosphonic acid
acrylate, benzoyl peroxide
Ivoclar Vivadent M68692
 HEMA
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ytterbium triﬂuori
onding area, roughness [6,7]. Air-abrasion protocols also promote
icromechanical interlocking of the resin [8,9]. Furthermore, depo-
ition of amorphous silica layers on the zirconia surface enables
ilane reactions by tribochemical coating [3,10].
The impact of particle deposition on zirconia using air-abrasion
rotocols could promote surface changes by local lattice distor-
ions and/or by the emergence of a new phase by ferroelastic
omain switching under stress [11] or yield to complete lateral
racks [12]. When alumina particles are used, subsurface dam-
ge can occur in zirconia and this inﬂuences the survival in the
yclic fatigue testing [12–14]. Instead, the use of alumina parti-
les coated with silica (CoJet) was reported to reduce the impact
nduced surface ﬂaws and not affect the survival under cyclic
atigue loading compared to non-air abraded control groups [11].
et, tribochemical conditioning and silanization is not always
ndicated for the cementation of inlay-retained ﬁxed dental pros-
hesis (FDP) when chemical adhesion could be obtained with resin
ements [15].
Since controversial opinions exist regarding to surface activa-
ion of zirconia with air-abrasion protocols, new approaches for
urface conditioning that do not compromise the strength and
arginal adaptation of crowns and FPDs have been suggested such
s selective inﬁltration etching [16], glazing [17], alumina coating
18], the use of adhesive promoters with bifunctional monomers
2,19,20], strong acid etching [21,22], chemical vapor deposition
sing hexamethyldisiloxane [23], chlorosilane gas [4], or sulphur
exaﬂuoride [24], physical vapor deposition using the magnetron
puttering technique [25,26], non-thermal plasma exposure [27]
nd laser irradiation [28]. Among these methods, it can be antici-
ated that Si-based ﬁlm deposition process could improve adhesion
etween zirconia and resin cement [25,26] based on the fact that
he silane coupling agent shows chemical afﬁnity to silicon oxides
3,10,29]. Previous studies showed promising results using Si-
ased ﬁlms [25,26]. However, adhesion was not optimum at the
lm-zirconia interface [26].
Using magnetron sputtering technique, thin ﬁlms could be
eposited on zirconia surface. This physical process functionalizes
urfaces and improves the surface energy of the substrate [30]. The
eposition rate of compounds depends on the material of the sput-
ered target, gas, electrical conductivity of the sputtered target and
ype of power supply used to grow the ﬁlm. When parameters
re optimized, uniform deposition, controlled ﬁlm thickness and
ultilayer deposition of ﬁlms could be achieved [30].
The objectives of this study therefore, were to evaluate the inﬂu-
nce of surface texture and deposition parameters for Si-based thin
lms using reactive magnetron sputtering on coating zirconia, to
haracterize the functionality of these coatings and assess their
ffect on adhesion of resin cement compared to conventional sur-
ace conditioning methods. The tested hypothesis was that plasma
arameters used for deposition of Si-based thin ﬁlms would affect
he chemical reactivity of zirconia and increase adhesion of resin
ement compared to conventional conditioning methods., inorganic ﬁllers,
gments
Ivoclar Vivadent N42713
2. Materials and methods
2.1. Specimen preparation and experimental groups
The brands, types, chemical compositions, manufacturers and
batch numbers of the materials used in this study are listed in
Table 1.
Zirconia ceramic (Cercon Zirconia, Dentsply/Degudent, Hanau,
Germany) blocks (N = 80) (6 mm × 6 mm × 3 mm)  were prepared
and sintered (Vita Zircomat furnace, Vita Zahnfabrik, Bad Säckin-
gen, Germany) according to the manufacturer’s instructions. They
were then randomly divided into 8 groups (n = 10 per group) and
conditioned as follows:
GC: The ceramic surfaces were ground ﬁnished to 1200 silicon
carbide (SiC) paper under water cooling in a polishing machine (DP-
10, Panambra, São Paulo, Brazil) and cleaned in an ultrasonic bath
(Vitasonic, Vita Zanhfabrik) in distilled water for 10 min.
GP: The specimens were prepared as described for group GC.
Then, a ceramic primer (Metal/Zirconia primer, Ivoclar Vivadent,
Schaan, Liechtenstein) was  applied to the ceramic surface using a
clean brush one layer and left to react with the surface for 180 s at
room temperature (20 ◦C), 50% relative humidity. Next, the excess
primer was removed by air spray (2.8 bar) free from oil contamina-
tion for 5 s.
GS: The specimens were prepared as described for group GC. The
cementation surfaces were air abraded with 30 m alumina parti-
cles coated with silica (CoJet Sand, 3M ESPE AG, Seefeld, Germany)
using a chairside air abrasion device (CoJet-Prep, 3M ESPE AG) at
pressure of 2.8 bar for 10 s. The distance between the ceramic sur-
face and the nozzle was  standardized at 10 mm,  at an angle of
90◦. The specimens were then ultrasonically cleaned in distilled
water for 10 min  and silane coupling agent (Monobond S, Ivoclar
Vivadent) as described in group GP.
GR: Prior to sintering process, the cementation surfaces were air
abraded with 45 m alumina particles at pressure of 2.8 bar for 10 s.
The distance between the ceramic surface and the nozzle was stan-
dardized at 10 mm,  at an angle of 90◦. After sintering, the specimens
were ultrasonically cleaned in distilled water for 10 min  and then
ceramic primer (Metal/Zirconia primer) was applied as described
in group GP.
GF1: The specimens were prepared as described for group GC. Si-
based thin ﬁlm coating was achieved using Argon radio frequency
magnetron discharge. A silica target (KurtJ. Lesker, Pittsburgh, USA)
was sputtered on the cementation surface of the zirconia. Follow-
ing ﬁlm deposition, the specimens were ultrasonically cleaned in
distilled water for 10 min  and silane coupling agent (Monobond S,
Ivoclar Vivadent) was  applied as described in Group GP.
GF2: The specimens were prepared as described for group GC.
A direct current magnetron discharge, silicon target (KurtJ. Lesker),
and argon/oxygen gases (8:1 in ﬂux) were used to promote ﬁlm
growth on the zirconia surface. Application of the silane coupling
agent was  performed as described in GF1.
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Table 2
Parameters used during Si-ﬁlm deposition (target composition, Ar, O2 gas ﬂux, pressure, power supply type, power, target-substrate distance).
Film Target Ar ﬂux (sccm) O2 ﬂux (sccm) Pressure (mTorr) Power supply type Power (W)  Distance (cm)
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GF2/GF2R Si 20 2.5 7
GF3  Si 20 1 7
GF3: The specimens were prepared as described for group GC.
 direct current magnetron discharge, silicon target (KurtJ. Lesker),
nd argon/oxygen gases (20:1 in ﬂux) were used to promote ﬁlm
rowth on the zirconia surface. Application of the silane coupling
gent was performed as described in GF1.
GF2R: The specimens were prepared as described for group GR.
 direct current magnetron discharge, silicon target (KurtJ. Lesker),
nd argon/oxygen gases (8:1 in ﬂux) were used to promote ﬁlm
rowth on the zirconia surface (as GF2). Application of the silane
oupling agent was performed as described in GF1.
Deposition parameters for groups GF1, GF2, GF3, GF2R are pre-
ented in Table 2.
Additional 15 zirconia blocks (2 mm × 10 mm × 10 mm)  were
anufactured for the adhesion test and were randomly divided
nto three groups (n = 5): (a) GC, (b) GS and (c) GF2.
.2. Silica ﬁlm growth
The surfaces of zirconia specimens were coated with Si-based
hin ﬁlm by physical vapour deposition (PVD) method using a
eactive magnetron sputtering (RMP) technique. For this process,
igh purity (99.99%) SiO2- and Si-target (KurtJ. Lesker) and the zir-
onia blocks were positioned in a tailor made vacuum chamber
Laboratory of Plasma and Process, ITA, Brazil) and evacuated to a
ackground pressure of 5 × 10−5 Torr. A previous Argon discharge
as performed for 10 min  to remove surface contaminations on
he targets. The depositions were performed at a working pressure
f 7 mTorr (∼2.7 Pa). A thermocouple evaluated the temperature
n the specimen holder during deposition processes. All substrates
ttained a maximum of 95 ◦C.
For GF1, a silica target was sputtered by an argon radiofrequency
agnetron discharge in order to deposit the ﬁlms. For GF2, GF3 and
F2R, Si atoms sputtered from the Si-target reacted with oxygen
lasma, forming silicon oxides (SiOx) that are deposited on sub-
trate surface, producing a thin ﬁlm. Deposition of stoichiometric
nd non-stoichiometric ﬁlms (SiOx where 0 ≥ x ≥ 2) was obtained
y altering the oxygen concentration in the plasma [31]. The depo-
ition time was maintained constant at 30 min and the cathode
oltage and electric current were measured every 5 min  to con-
rol the process stability. Three additional silicon plate samples
n = 3) that were electrochemically polished (Ra < 15 nm)  and par-
ially covered with a mask, were submitted to each ﬁlm deposition
rocess and used for ﬁlm thickness measurements.
Subsequently, the specimens were removed from the reactor,
leaned ultrasonically in distilled water for 10 min  and dried by
il-free air spray for 30 s at 2.8 bar.
.3. Bond strength test and failure analysis
Equal amounts of the base and catalyst paste of resin cement
Mutlilink, Ivoclar Vivadent) were mixed for 20 s and bonded to
he conditioned zirconia specimens using polyethylene molds (Ø:
.4 mm;  thickness: 3 mm).  Following auto-polymerization for 24 h,
he specimens were stored in distilled water (37 ◦C ± 1◦; 48 h).
hear bond strength test was performed using a universal testing
achine (DL-1000, EMIC, São José dos Pinhais, Brazil) (crosshead
peed: 1 mm/min; 100 kg F load-cell) and the bond strength (MPa)
as calculated (force (in N/adhered area in mm2).Radio frequency 120 8
Direct current 120 8
Direct current 120 8
The debonded surfaces were examined using an optical micro-
scope at 60× magniﬁcation (Measuring Microscope MFA, Mitutoyo,
Kawasaki, Japan) and Scanning Electron Microscopes (SEM) (SSX-
550, Shimadzu, Kyoto, Japan) at 35×–5000× magniﬁcation in
secondary electron (SE) mode to characterize the failure mode. In
order to verify the presence of Si on the ceramic surfaces after bond
test, additional surface analysis was performed using SEM/Energy
Dispersive Spectrometer (EDX, Shimadzu).
Failure types were classiﬁed as follows: A1: adhesive failure
along the interfacial region between the ﬁlm and the cement; A2:
adhesive failure along the interfacial region between the ﬁlm and
the ceramic; C: cohesive failure in the resin cement; and M:  mixed
failure, adhesive failure between the cement and ceramic together
with cohesive failure in the resin cement and/or ceramic.
2.4. Surface roughness and Rutherford Backscattering
Spectroscopy (RBS) analysis
For roughness analysis (Ra) of the zirconia surfaces follow-
ing surface conditioning, four additional specimens from each
group were evaluated using an optical proﬁlometer (Wyko NT
1100, Veeco, Plainview, USA) that was connected to a computer
drive containing the Software Vision 32 (Veeco). Measurements
were performed at 20× magniﬁcation on two random areas
(301.3 m × 229.2 m)  of each specimen.
The following roughness parameters were measured:
Ra: Arithmetical mean of the absolute values of the surface
departures from the mean plane within the sampling area in m.
Rz: The mean value (m) of the absolute heights of the ﬁve
highest peaks and the absolute value of the ﬁve deepest valleys
within the sampling area. This parameter is sensitive to the changes
of pronounced topography features.
Sdr (surfaces area ratio): This ratio expresses the increment of
the interfacial surface area related to the area of the projected (ﬂat)
xy plane. For a totally ﬂat surface, the surface area and the area of
the xy plane were the same and Sdr was  0%.
The silicon plate samples were evaluated to measure ﬁlm thick-
ness in order to calculate the deposition rate by determining the
ratio between ﬁlm thickness and deposition time.
In addition, specimens were further gold sputtered in a sput-
tering device and analyzed under an SEM (SSX-550, Shimadzu) at
20 kV to observe the topographic changes on the zirconia ceramic
surface in different groups in secondary electron (SE) mode.
Rutherford Backscattering Spectroscopy (RBS) is an ion beam
analysis with high sensitivity to detect chemical elemental concen-
tration in depth. The atomic composition of the ﬁlms as deposited
on zirconia specimens was  analyzed by RBS (Pelletron-tanden
5SDH, National Electrostatic Corporation, Middleton, USA). RBS
studies were performed with a 1 mm diameter collimated beam
of 2.2 MeV  4He+ ions. Backscattered ions were detected using Si(Li)
detectors placed at 10◦ scattering angles. The resolution of detec-
tion was <15 atoms/cm2.
2.5. Contact angle and work of adhesion analysis (WA)Using a tailor made goniometer (Technological Institute of Aero-
nautics, São José dos Campos, Brazil), contact angle measurements
were performed for all three groups (GC, GS and GF2). Based on the
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essile drop technique at controlled room temperature (20 ◦C) and
umidity (40%), a drop of deionized water (15 L) was  applied on
he specimen surface and allowed to ﬂow until it reached equilib-
ium. Work of adhesion (WA) was calculated by the Young-Dupré
quation, using the mean of the measured contact angle values
btained for each group () and the interfacial energy between
iquid and solid (yLS).
A = yLS.[cos() + 1]
.6. Statistical analysis
Statistical analysis was performed using one-way ANOVA and
ost hoc multiple comparisons were made between groups by the
ukey‘s post hoc test (SPSS 11.0 software for Windows, SPSS Inc.,
hicago, IL, USA). P values less than 0.05 were considered statisti-
ally signiﬁcant for all statistical tests.
. Results
The RBS analysis of the Si-based thin ﬁlm identiﬁed only sili-
on (Si) and oxygen (O) atoms with slight differences among the
lms. The Si and O concentrations for each ﬁlm were GF1: 31.25%
nd 68.75%; GF2/GF2R: 33.3% and 66.7%; and GF3: 39.2% and 60.8%,
espectively. The ﬁlm thickness data (m)  and the deposition rates
nm/min) for each ﬁlm were: GF1: 0.17 and ∼5; GF2/GF2R: 0.23
nd ∼8; GF3: 0.35 and ∼11, respectively.
SEM images showed similar smooth surface topography for GC,
P, GF1, GF2 and GF3. From these groups, representative SEM
f GF2 is presented in Fig. 1a. Other groups presented different
atterns of surface topography. For GS, sharp grooves and peaks
ere found with random distribution (Fig. 1b). For GR, air-abrasion
efore the sintering process created a new retentive surface with
icro hollows the grain boundaries were visible in GC (Fig. 1c) that
isappeared after ﬁlm deposition to GF2R (Fig. 1d). SEM image to
F specimens showed grain boundaries under the ﬁlm, suggesting
 nano thickness of the ﬁlm and micro spot defects at some areas
n the Si-ﬁlm (Fig. 2a and b).
Bond strength results were signiﬁcantly affected by the sur-
ace conditioning methods (p ≤ 0.05, one-way ANOVA). The mean
ond strength data obtained in GF2R was signiﬁcantly higher than
hose of other groups (p ≤ 0.05) (Table 3). Air-abrasion treatment
ncreased the roughness but the ﬁlm deposition process did not.
Failure analysis of the specimens under optical microscopy
evealed mainly A1 type of failure in groups GC, GP, GS, GR (Table 4).
F2R group, where the highest bond strength was observed,
emonstrated mainly M type of failures (Fig. 3a). In GF2 and GF2R
here M type of failures were dominant, qualitative EDS analysis
n the adhesive bonding area indicated traces of Si on the zirco-
ia surface corresponding to adhesive failure between the Si ﬁlm
oating and zirconia (Fig. 3b).
able 3
hear bond strength (±SD) (MPa), Ra (±SD) (m) results for all groups.
Groups Bond strength (MPa) Tukey’s test Ra (m)
GC 0 D 0.12 (<0.1)
GP  2.42 (0.3) D 0.12 (<0.1)
GS  14.62 (3.2) B 0.51 (0.1)
GR  8.29 (1.2) C 0.62 (0.2)
GF1 6.85 (2.2) C 0.11 (0.1)
GF2 10.51 (1.5) C 0.10 (0.1)
GF3 2.77 (0.7) D 0.12 (0.1)
GF2R 22.78 (5.2) A 0.61 (0.2)
The same letters in the bond strength column indicate no signiﬁcant differences in
he  same column (Tukey’s test, alfa = 0.05).
Fig. 1. SEM images showing different morphologies of the groups (a) GF2 (×2000);
(b)  GS (×2000); (c) GR (×5000) and (d) GF2R (×5000).
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Fig. 3. (a) Typical SEM image (×35) in secondary electron (SE) mode of a mixed
type  of failure (adhesive failure between the cement and ceramic together with
cohesive failure in the resin cement and/or ceramic) in GF2, (b) elemental compo-
sition mapping by EDS analysis (Zr (blue) and Si (red) mapping) of a region near
the  resin cement in a mixed failure of a specimen from GF2  (for interpretation of
the  references to color in this text, the reader is referred to the web version of the
article).
Table 5
Descriptive analysis for groups GC, GS and GF2 regarding to Ra (nm), Rz (m), Sdr
(%), contact angle (CA) and work of adhesion (WA).
GC GS GF2
Ra 155.7 ± 30.1b 568.9 ± 17.7a 163.4 ± 32.6b
Rz 2.6 ± 0.5b 6.2 ± 0.2a 2.5 ± 0.6big. 2. SEM image of a specimen from group GF showing (a) grain boundaries under
i-ﬁlm, suggesting a nanometric thickness of the ﬁlm and (b) ﬁlm (F) coating Y-TZP
urface (Y) and a pore (P) inducing a ﬁlm crack.
Contact angle, WA and roughness parameters (Ra, Rz and Sdr)
ere signiﬁcantly affected by the surface conditioning evaluated in
roups GC, GS and GF2 according to one-way ANOVA (p = 0.0) for all
esults (Table 5). Both air-abrasion (GS) and ﬁlm deposition (GF2)
mproved the wettability compared to GC. The best results were
ound in the GF2 group. The mean values for surface roughness,
ontact angle and work of adhesion, calculated by Young-Dupré
quation, showed signiﬁcant differences between groups (Tukey‘s
est) Table 3.. Discussion
Durable adhesion of resin cement to zirconia could increase
he minimal invasive applications for prosthetic rehabilitation. This
able 4
istribution and frequency of failure types after bond strength test per experimen-
al  group: A1: adhesive failure along the interfacial region involving cement; A2:
dhesive failure along the interfacial region between the ﬁlm and the ceramic; C:
ohesive failure in the resin cement; and M:  mixed failure, adhesive failure between
he cement and ceramic together with cohesive failure in the resin cement and/or
eramic.
Groups N A1 A2 C M
GC 10 10 0 0 0
GP  10 10 0 0 0
GS  10 9 0 0 1
GR  10 9 0 0 1
GF1  10 0 10 0 0
GF2  10 0 0 0 10
GF3  10 0 10 0 0
GF2R 10 0 0 1 9
Sdr 2.8 ± 0.9b 80.4 ± 4.9a 2.7 0.7b
CA (o) 86.54 ± 1.3a 73.11 ± 1.6b <20c
WA 77.19 ± 1.7a 93.95 ± 2.0b >141.21c*Same superscript letters indicate no statistically signiﬁcant difference in the same
row (Tukey‘s test, p < 0.05).
study evaluated whether Si coating deposition parameters would
change surface texture, and affect adhesion of the cement to zirco-
nia. In addition, the effects of the ﬁlm on the adhesion properties
(roughness, contact angle, WA)  of zirconia were veriﬁed. Based on
the results of this study, it can be stated that the Si-based coat-
ing followed by a silane application could deliver acceptable initial
chemical bond strength of the resin cement to zirconia. The promis-
ing effect of Si-based coating however was  particularly effective in
GF2R (ﬁlm associated with a rough surface) but not in all groups.
Therefore, the tested hypothesis that application parameter depo-
sition of Si-based thin ﬁlms would affect chemical reactivity of
zirconia and increase initial adhesion compared to conventional
conditioning methods could be partially accepted.
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The success of adhesion in order to prevent degradation under
ggressive environments depends on the chemical compatibility
nd durability of the interface between different materials. The
urface properties of the materials involved and the study of adhe-
ion mechanism are important issues for predicting the behavior of
onded interfaces through which bond strength could be optimized
32]. In this regard, surface wettability in particular is of importance
nd in this study, the Si-based thin ﬁlm improved wettability. Phys-
cal and chemical properties of materials involved in cementation
rocess affect the stability of the interface. An essential aspect in the
ementation process is the cement choice. The cement chosen in
his study (Multilink) is a bis-GMA based conventional resin com-
osite luting agent that requires moisture control and application of
 silane and a bonding agent to achieve effective adhesion to zirco-
ia. This resin cement was chosen because bifunctional monomers
re not present in its chemical composition. Functional monomers
resent in some resin cements increase bond strength to zirconia
26,33] and could have masked the real effect of novel surface treat-
ents proposed in this study. The cement choice seemed to be not
elevant according to the failure types observed in this study, since
he weakest interface was between the Si-based ﬁlm and zirco-
ia. Previous studies have evaluated the bond strength of bis-GMA
ased resin cement to zirconia and reported that the use of adhesive
romoters was not effective at promoting an increase in adhesion
o zirconia [3,7,26]. In agreement with these studies, in this study,
C group presented exclusively pre-test failures and GP showed
ess chemical adhesion. On the other hand, GS presented better ini-
ial bond strength results compared to those of GC and GP. This
ndicates that surface activation through particle abrasion and in
articular using silica-containing abrasives is essential to achieve
etter adhesion to zirconia with this cement. Yet, the results could
till be considered weak.
Using the plasma technique for ﬁlm deposition as a condi-
ioning strategy for better adhesion to zirconia, the effect of the
anoﬁlm deposited on zirconia was reported to promote the chemi-
al adhesion of the silane coupling agent [4]. This study showed that
ir-abrasion with 50 m alumina abrasive followed by gas-phase
hlorosilane pretreatment for depositing ultra-thin silica-like lay-
rs improved adhesion to zirconia using traditional silanation and
onding techniques. Thus, the response of an interface and its
hemical interactions with other molecules may  be obtained by
uperﬁcial surface modiﬁcations using advanced techniques. It is
ell known that silane coupling agent shows chemical afﬁnity with
ilicon oxides [3,10,29]. The use of silane is recommended for felds-
athic ceramics to form a siloxane network with the silica in the
lass phase of the ceramics to improve the bond strength. Due to the
hemical stability of zirconia, adhesion of silane coupling agent was
eported to be poor and presented a higher potential for hydrolytic
egradation [10,34]. In a previous study, it was shown that Si-
ased ﬁlm could improve bond stability when compared to solely
ir-abraded zirconia [26]. Thus, this study was conducted in order
o grow different Si-based thin ﬁlms using the magnetron sput-
ering technique at varying deposition parameters on ﬂat zirconia
urfaces.
When the mean bond results on ﬂat surfaces are compared (GC,
P, GF1, GF2 and GF3), it was evident that chemical adhesion (GF2
nd GF1) improved the results compared to the remaining groups.
ven in the group GR, where the main adhesion mechanism used
as based on micromechanical retention, no statistical difference
as veriﬁed between this group and those of GF1 and GF2. More-
ver, GF2R revealed statistically higher results compared to the
ilica coating and silanization method applied in GS.A rough surface presents a larger surface area, increasing bond
ites, that eventually increases the bond strength by micromechan-
cal retention and improves wettability for zirconia ceramics [7,8].
espite of this, reports in the literature afﬁrm that the original Science 282 (2013) 245– 252
roughness produced by milling during fabrication is not sufﬁcient
to promote adhesion to resin cements zirconia [2]. This study
showed that roughened surface produced before ﬁring (green state)
using the air-abrasion procedure (GR) was not sufﬁcient to pro-
mote initially as good results as the group that received chairside
silica coating (GS). This ﬁnding is in disagreement with a recent
study [35]. It is known that air-abrasion of zirconia surface after
sintering causes phase transformation from tetragonal to mono-
clinic [36,37]. As it is demonstrated in groups GS and GR, presenting
higher roughness for the Ra parameter, indicates that monoclinic
state may be more reactive than tetragonal polycrystals [2,38].
However, when a Si-based thin ﬁlm was used on GR, forming the
group GF2R, the initial bond strength was improved, increasing
the frequency of mixed failures. In addition, surface roughness
remained unchanged following the ﬁlm deposition process, sug-
gesting that the chemical modiﬁcation promoted in GF2 and GF2R
could be the mechanism used to increase bond strength compare
to the same rough surface without ﬁlm (GP and GR). The growth
of a thin ﬁlm on the surface using a cold plasma technique can
modify surface chemical and physical properties without chang-
ing the properties of the bulk material [30]. However, the effect
of treatment on the mechanical properties of zirconia applied in
the group GR was not studied in this study but warrants future
research.
Regarding ﬁlm adhesion in zirconia substrate, the results for
GF1, GF2 and GF3 occurred independent of the micromechanical
adhesion mechanism as they were produced on a ﬂat surface. Yet,
the ﬁlm detached from the zirconia surface together with the resin
cement after debonding, suggests that chemical afﬁnity of the Si-
based ﬁlms to the cement followed by silanization was  higher than
to zirconia surface. Consequently, the effect of this ﬁlm on the bond
strength with cement cannot be measured. The lowest bond values
obtained in GF3 showed that the presence of Si-based thin ﬁlm
as interlayer between zirconia and resin cement in combination
with the silane application, was not sufﬁcient to promote strong
initial bond strength as this ﬁlm was  not found to be attached to
the zirconia surface after bond test. Reduced oxygen ﬂux in GF3,
diminishing the oxygen concentration in this ﬁlm could change
nucleation behavior of the ﬁlm during deposition process, inﬂu-
encing the adhesion between the ﬁlm and the ceramic surface [30].
For GF1, the reasons for the increase in oxygen concentration were
not investigated in this research. Although elemental concentra-
tion could be expected to be similar to GF2, since the plasma used
for GF1 was nonreactive (only argon gas), probably the sputtering
of SiO2 target preferentially removed oxygen [30]. However, the
results suggest that the increase of oxygen in the Si-based ﬁlm (as
in GF1) could promote higher internal stress on the Si-based ﬁlm,
diminishing adhesion to zirconia in this group. Although GF1  and
GF2 presented statistically similar results, analysis of the failure
types under SEM and using EDS, showed that the resin cement and
the coating ﬁlm remained on the zirconia surface after bond test
only for the group GF2.
According to SEM images, Si-based thin ﬁlm seems to be dense
but micrometric ﬂaws in the ﬁlm integrity were still apparent. The
localized pinhole defects in this ﬁlm could be induced as a conse-
quence of impurities on the zirconia surface, intrinsic ﬁlm stress,
low energy surface of zirconia or plasma sputtering on the ﬁlm
[30]. A recent study using the chemical deposition process to grow
an ultra-thin silicate-layer suggested that porosities in the ﬁlm
would make it more susceptible to stresses eventually enhancing
hydrolytic degradation [39]. The reason for the presence of these
defects needs to be explored and improved in future studies. Such
defects could be determinant on the adhesion of the ﬁlm, reduc-
ing initial bond strength results. In addition, the use of sputtering
on the ceramic surface prior to ﬁlm deposition could improve the
adhesion between ﬁlm and zirconia [30].
urface
a
1
i
g
t
c
o
s
s
t
a
b
s
s
(
o
[
t
m
n
f
n
t
o
p
t
h
m
u
t
i
t
o
m
R
o
f
s
t
s
f
G
t
c
o
i
m
a
a
t
e
p
a
r
T
a
(
i
p
r
m
dJ.R.C. Queiroz et al. / Applied S
The deposition rate for Si-based thin ﬁlms decreased from
pproximately 11–8 nm × min−1 as the oxygen ﬂux increased from
 to 2.5 sccm in the gas discharged for GF3 and GF2, respectively,
nﬂuencing the ﬁlm thickness. This is due to the process of tar-
et poisoning (oxidation) that reduces the sputtering yield off the
arget and, accordingly, the condensing atom ﬂux toward the zir-
onia surface [25]. According to van Hattum and coworkers, as the
xygen ﬂow rate increases, the gas discharge is characterized by a
udden decrease in silicon atoms toward the growing ﬁlm, with a
imultaneous increase in SiOx molecules, indicating coverage of the
arget and substrate by the compound [31]. Furthermore, the use of
 silica target for GF1 reduced the deposition rate to 5 nm × min−1
ecause the insulating aspect inherent to this target reduces the
puttering rate. This is the reason why a radio frequency was cho-
en to substitute direct current as the power supply in this group
GF1).
SEM and atomic force microscopy (AFM) analysis have been
ften used to evaluate the surface roughness in similar studies
2,40]. In this study, proﬁlometry was used for qualitative and quan-
itative analyses of the roughness following surface conditioning
ethods. This is an optical technique for measuring surface rough-
ess using optical interference, in which the light intensity of the
ringes is related to the surface height. Proﬁlometry presents a
anometric vertical resolution with a dynamic range (scan size)
hat greatly exceeds the microscope probes, providing quick images
f the surface similar to SEM with the roughness parameter sup-
orted by 3D image as in AFM [29].
Adequate roughness parameter analyses and a large scan size
o evaluate the effect of topography modiﬁcation on adhesion can
elp to understand the behavior of a new surface conditioning
ethod on bond strength and adhesion properties. Ra has been
sed frequently in order to express the topographic changes on
he zirconia surface in the dental literature and considered as an
mportant parameter for general use [40]. However, it is important
o stress that the Ra parameter reduces the effects of odd scratches
r non-typical irregularities. Instead, Rz presents additional infor-
ation, revealing the possible presence of defects on the surface. If
a and Rz parameters show similar amplitudes, a uniform standard
f roughness is expected to be present on the surface. The large dif-
erence between the Ra and Rz parameters showed the presence of
pot ﬂaws on the conditioned zirconia, even on the ﬂat surface.
Analysis of the roughness results of GC, GS and GF2 showed
hat Ra increased by 0.4 m when the surfaces were air-abraded,
uggesting a better micromechanical interlocking between this sur-
ace with resin cements. The increase in the Rz parameter between
S and GC (3.5 m)  veriﬁed the energy effect produced by par-
icle impact during air-abrasion producing morphological surface
hanges. The Sdr parameter indicated an increase in surface area
f approximately 80% when the Y-TZP ceramic was  air-abraded,
ncreasing bonding sites available to react with an adhesive pro-
oter. Thus, this procedure can improve bond strength results,
ffecting both physical (micromechanical interlocking mechanism)
nd chemical (adsorption mechanism) adhesion and at the same
ime increasing the wettability of the zirconia surface. How-
ver, several studies showed that additional chemical adhesion
romoted only by martensitic transformation mediated by air-
brasion procedure with alumina particles but it was  inefﬁcient to
esist hydrolytic degradation after aging of the interface [4,8,39].
he results of surface roughness for all three parameters (Ra, Rz
nd Sdr) in GF2 were not statistically signiﬁcant compared to GC
control group), suggesting that the improved contact angle and WA
n GF2 occurred due to chemical modiﬁcation on the surface. WA
lays a vital role in adhesion and is deﬁned as the reversible work,
equired separating a unit area of interface between two  different
aterials [32]. Even modest changes in their values can cause large
ifferences in practical adhesion measurements [32]. The strong Science 282 (2013) 245– 252 251
implication is that if spontaneous spreading does not occur, the
interfacial contact could be incomplete. This study showed that
WA for GF2 (calculation based on 20◦) was  improved compared to
the other groups (GC and GS), implying that chemical modiﬁcation
on the surfaces provided by the Si-based thin ﬁlm was more efﬁ-
cient than physical and chemical changes promoted by air-abraded
surface regarding this property.
5. Conclusions
Overall, this study showed that the air-abrasion protocol used
in GS improved the contact angle against the polished surface in
GC. Likewise, the effect of the Si-based thin ﬁlm on the surface
was signiﬁcant. Despite using a smooth surface for these groups,
they exceeded the angle limit (20◦) detected by the goniometer.
There are two primary reasons for seeking methods to minimize
the contact angle of the bonding agent against the zirconia sur-
face: (a) minimum contact angle corresponds to maximum area
and intimacy of contact between the bonding agent and ceramic
surface and (b) minimum contact angle corresponds to a maxi-
mum thermodynamic work of adhesion (WA). The Si-based thin
ﬁlms deposited on zirconia by reactive magnetron sputtering tech-
nique did not change the roughness, considering the parameters
evaluated. The adjusted deposition parameters for Si-based thin
ﬁlms followed by silane application increased the initial bond
strength results between resin cement and zirconia ceramic tested
but the variation in deposition parameters seemed to play a role on
improved adhesion with zirconia interface. Initially rough zirconia
surfaces made it possible to achieve better deposition of Si-based
thin ﬁlms compared to smoother surfaces. Different sputtering
parameters for Si-based thin ﬁlm deposition affected the chemi-
cal properties of the zirconia surface and all conditioning methods
tested improved wettability of the zirconia surface compared to
the control group. Finally, adjustments in the parameters used for
a more uniform ﬁlm growth and for improving adhesion of the
ﬁlm on the substrate, using different deposition techniques, require
further investigations. Irrespective of future research, the plasma
technique is not a common process in dentistry and the cost of its
implementation in a prosthetics laboratory remains currently high.
Acknowledgements
This study was based on a thesis submitted to the graduate
faculty, São Paulo State University, in partial fulﬁllment of the
requirements for a PhD degree. The State of São Paulo Research
Foundation (FAPESP) is greatly acknowledged for supporting this
research (Grant no. 09/53584-4).
References
[1] H.J. Conrad, W.J. Seong, I.J. Pesun, Current ceramic materials and systems with
clinical recommendations: a systematic review, Journal of Prosthetic Dentistry
98  (2007) 389–404.
[2] P. Magne, M.P.G. Paranhos, L.H. Burnett Jr., New zirconia primer improves bond
strength of resin-based cements, Dental Materials 26 (2010) 345–352.
[3] M.  Özcan, H. Nijhuis, L.F. Valandro, Effect of various surface conditioning meth-
ods on the adhesion of dual-cure resin cement with MDP  functional monomer
to  zirconia after thermal aging, Dental Materials Journal 27 (2008) 99–104.
[4] J.R. Piascik, E.J. Swift, J.Y. Thompson, S. Grego, B.R. Stoner, Surface modiﬁca-
tion for enhanced silanation of zirconia ceramics, Dental Materials 25 (2009)
1116–1121.
[5] M.A. Bottino, L.F. Valandro, R. Scotti, L. Buso, Effect of surface treatments on the
resin bond to zirconium-based ceramic, International Journal of Prosthodontics
18  (2005) 60–65.[6] M.  Wolfart, F. Lehmann, S. Wolfart, M.  Kern, Durability of the resin bond
strength to zirconia ceramic after using different surface conditioning methods,
Dental Materials 23 (2007) 45–50.
[7] M.  Kern, A. Barloi, B. Yang, Surface conditioning inﬂuences zirconia ceramic
bonding, Journal of Dental Research 88 (2009) 817–822.
2 urface
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[52 J.R.C. Queiroz et al. / Applied S
[8] M.B. Blatz, G. Chiche, S. Holst, A. Sadan, Inﬂuence of surface treatment and
simulated aging on bond strengths of luting agents to zirconia, Quintessence
Int.  38 (2007) 745–753.
[9] A. Della Bona, T.A. Donassollo, F.F. Demarco, A.A. Barrett, J.J. Mecholsky Jr., Char-
acterization and surface treatment effects on topography of a glass-inﬁltrated
alumina/zirconia-reinforced ceramic, Dental Materials 23 (2007) 769–775.
10] C.Y.K. Lung, J.P. Matinlinna, Aspects of silane coupling agents and surface con-
ditioning in dentistry: an overview, Dental Materials 28 (2012) 467–477.
11] M. Cattani Lorente, S.S. Scherrer, J. Richard, R. Demellayer, M. Amez-Droz, H.W.
Wiskott, Surface roughness and EDS characterization of a Y-TZP dental ceramic
treated with the CoJetTM Sand, Dental Materials 26 (2010) 1035–1042.
12] T. Kosmac, C. Oblak, P. Jevnikar, N. Funduk, L. Marion, Strength and reliability of
surface treated Y-TZP dental ceramics, Journal of Biomedial Materials Research
B:  Applied Biomaterials 53 (2000) 304–313.
13] Y. Zhang, B.R. Lawn, K.A. Malament, V.P. Tompson, E.D. Rekow, Damage accu-
mulation and fatigue life of particle-abraded ceramics, International Journal of
Prosthodontics 19 (2006) 442–448.
14] S. Karakoca, H. Yilmaz, Inﬂuence of surface treatments on surface roughness,
phase transformation, and biaxial ﬂexural strength of Y-TZP ceramics, Journal
of  Biomedial Materials Research B: Applied Biomaterials 91 (2009) 930–937.
15] B. Ohlmann, P. Rammelsberg, M.  Schmitter, S. Schwarz, O. Gabbert, All-ceramic
inlay-retained ﬁxed partial dentures: preliminary results from a clinical study,
Journal of Dentistry 36 (2008) 692–696.
16] M.N. Aboushelib, J.P. Matinlinna, Z. Salameh, H. Ounsi, Innovations in bonding
to  zirconia-based materials: Part I, Dental Materials 24 (2008) 1268–1272.
17] P. Ntala, X. Chen, J. Niggli, M.  Cattell, Development and testing of multi-phase
glazes for adhesive bonding to zirconia substrates, Journal of Dentistry 38
(2010) 773–781.
18] P. Jevnikar, K. Krnel, A. Kocjan, N. Funduk, T. Kosmac, The effect of nano-
structured alumina coating on resin-bond strength to zirconia ceramics, Dental
Materials 26 (2010) 688–696.
19] J.P. Matinlinna, T. Heikkinen, M.  Özcan, L.V. Lassila, P.K. Vallittu, Evaluation of
resin adhesion to zirconia ceramic using some organosilanes, Dental Materials
22  (2006) 824–831.
20] M.N. Aboushelib, H. Mirmohamadi, J.P. Matinlinna, E. Kukk, H.F. Ounsi, Z.
Salameh, Innovations in bonding to zirconia-based materials. Part II: focusing
on  chemical interactions, Dental Materials 25 (2009) 989–993.
21] U. Lohbauer, M.  Zipperle, K. Rischka, A. Petschelt, F.A. Müller, Hydroxylation
of  dental zirconia surfaces: characterization and bonding potential, Journal of
Biomedial Materials Research B: Applied Biomaterials 87 (2008) 461–467.
22] C.Y.K. Lung, E. Kukk, T. Hägerth, J.P. Matinlinna, Surface modiﬁcation of silica-
coated zirconia by chemical treatments, Applied Surface Science 257 (2010)
1228–1235.
23] T. Derand, M.  Molin, K. Kvam, Bond strength of composite luting cement to
zirconia ceramic surfaces, Dental Materials 21 (2005) 1158–1162.24] J.R. Piascik, S.D. Wolter, B.R. Stoner, Development of a novel surface modiﬁca-
tion for improved bonding to zirconia, Dental Materials 27 (2011) e99–e105.
25] J.R.C. Queiroz, D.A. Duarte, R.O.A. Souza, S.F. Fissmer, M.  Massi, M.A. Bottino,
Deposition of SiOx thin ﬁlms by reactive magnetron sputtering: inﬂuence
of  plasma parameters on the adhesion properties between Y-TZP and resin
[ Science 282 (2013) 245– 252
cement for application in dental prosthesis, Materials Research 14 (2011)
212–216.
26] J.R.C. Queiroz, M.  Massi, L. Nogueira Jr., A.S.S. Sobrinho, M.A. Bottino, M.  Özcan,
Silica-based nano-coating on zirconia surfaces using reactive magnetron sput-
tering: effect on chemical adhesion of resin cements, Journal of Adhesive
Dentistry 15 (2013) 151–159.
27] N.R. Silva, P.G. Coelho, G.B. Valverde, K. Becker, R. Ihrke, A. Quade, V.P. Thomp-
son, Surface characterization of Ti and Y-TZP following non-thermal plasma
exposure, Journal of Biomedial Materials Research B: Applied Biomaterials 99
(2011) 199–206.
28] A.N. Cavalcanti, R.M. Foxton, T.F. Watson, M.T. Oliveira, M.  Giannini, G.M.
Marchi, Bond strength of resin cements to a zirconia ceramic with different
surface treatments, Operative Dentistry 34 (2009) 280–287.
29] J.R.C. Queiroz, P. Benetti, M.  Özcan, L.F.C. Oliveira, A. Della Bona, F.E. Takahashi,
M.A. Bottino, Surface characterization of feldspathic ceramic using ATR FT-
IR  and ellipsometry after various silanization protocols, Dental Materials 28
(2012) 189–196.
30] D.M. Mattox, Adhesion and de-adhesion, in: Handbook of Physical Vapor Depo-
sition (PVD) Process, Elsevier, Oxford, 2010.
31] E.D. van Hattum, A. Palmero, W.M.  Arnoldbik, F.H.P.M. Habraken, Exper-
imental characterization of the deposition of silicon suboxide ﬁlms in a
radiofrequency magnetron reactive sputtering system, Surface and Coatings
Technology 188–189 (2004) 399–403.
32] J.C. Berg, Semi-empirical strategies for predicting adhesion, in: M.  Chaudhury,
A.V. Pocius (Eds.), Adhesion Science and Engineering 2 – Surfaces Chemistry
and Applications, Elsevier, Amsterdam, 2002, pp. 1–73.
33] F.P. Nothdurft, P.J. Motter, P.R. Pospiech, Effect of surface treatment on the initial
bond strength of different luting cements to zirconium oxide ceramic, Clinical
Oral  Investigations 13 (2009) 229–235.
34] J.P. Matinlinna, L.V.J. Lassiva, M.  Özcan, A. Yli-Urpo, P.K. Vallittu, An introduction
to  silanes and theirs clinical applications in dentistry, International Journal of
Prosthodontics 17 (2004) 155–164.
35] C. Monaco, P. Cardelli, R. Scotti, L.F. Valandro, Pilot evaluation of four experi-
mental conditioning treatments to improve the bond strength between resin
cement and y-tzp ceramic, Journal of Prosthodontics 20 (2011) 97–100.
36] M.  Guazzato, L. Quach, M.  Albakry, M.V. Swain, Inﬂuence of Surface and heat
treatments on the ﬂexural strength of Y-TZP dental ceramic, Journal of Den-
tistry 33 (2005) 9–18.
37] M.  Özcan, R.M. Melo, R.O. Souza, J.P. Machado, F.L. Valandro, M.A. Botttino,
Effect of air-particle abrasion protocols on the biaxial ﬂexural strength, surface
characteristics and phase transformation of zirconia after cyclic loading, Journal
of  the Mechanical Behavior of Biomedical Materials 29 (2013) 19–28.
38] A. Christensen, E.A. Carter, First-principles study of the surface zirconia, Phys-
ical Review B 58 (1998) 8050–8064.
39] R.L. Smith, C. Villanueva, J.K. Rothrock, C.E. Garcia-Godoy, B.R. Stoner, J.R. Pias-
cik,  J.Y. Thompson, Long-term microtensile bond strength of surface modiﬁed
zirconia, Dental Materials 27 (2011) 779–785.
40] A. Casucci, C. Mazzitelli, F. Monticelli, M.  Toledano, R. Osorio, E. Osorio, F.
Papachinni, M.  Ferrari, Morphological analysis of three zirconium oxide ceram-
ics: effect of surface treatments, Dental Materials 26 (2010) 751–760.
